Introduction
␦ opioid peptide (DOP) receptors are considered a therapeutic target not only in pain management but also in neuropsychiatric disorders, such as depression, anxiety, substance abuse, and Parkinson's disease (PD; Pradhan et al., 2011) . In particular, DOP receptor agonists have proven to be effective analgesic, anxiolytic, antidepressant, and antiparkinsonian drugs (Chu Sin Chung and Kieffer, 2013) . Unfortunately, the use of high doses of nonpeptidic DOP receptor agonists is hindered by the occurrence of adverse effects, including convulsions (Comer et al., 1993; Negus et al., 1994; Jutkiewicz et al., 2006) . In addition, abuse liability might be enhanced at high doses, and chronic treatment might induce tolerance to therapeutic effects (Jutkiewicz et al., 2005; Beaudry et al., 2009) . Therefore, the development of strategies aimed at reducing the dosage of DOP agonists while maintaining their full clinical efficacy is warranted.
One of these strategies relies on the functional interactions between different opioid receptor subtypes. Indeed, classical opioid receptors, namely opioid peptide (MOP), opioid peptide (KOP), and DOP receptors, can be expressed in the same or different cells or tissues and positively or negatively interact at the membrane, submembrane, or circuitry level to shape the physiopharmacological responses to opioids (Smith and Lee, 2003) . Subtype-selective opioid receptor ligand interactions proved effective in pain management, in which combinations of MOP and DOP, or DOP and KOP receptor agonists provide additive or synergistic analgesia (Stevenson et al., 2003 (Stevenson et al., , 2005 Zhang and Pan, 2010) . The identification of nociceptin/orphanin FQ (N/ OFQ) and its receptor (NOP), classified as the fourth member of the opioid receptor family, has widened the spectrum of potential therapeutic combinations. Indeed, endogenous N/OFQ has been demonstrated to physiologically oppose MOP agonist-induced analgesia at the supraspinal level and to potentiate it at the spinal level (Tian et al., 1997; Hu et al., 2010) . Consistently, systemic administration of NOP receptor antagonists potentiated buprenorphine-induced analgesia (Lutfy et al., 2003) , whereas intrathecal injections of N/OFQ with morphine caused synergistic analgesia (Ko and Naughton, 2009 ). This indicates that, depending on the localization of the NOP receptor, N/OFQ can powerfully and bidirectionally regulate the processing of nociceptive information mediated by MOP receptors. However, outside pain management the interaction between N/OFQ and classical opioid receptors and its therapeutic potential have not been explored.
In the present study, we investigated the role of endogenous N/OFQ in the modulation of the behavioral and neurochemical responses to a DOP agonist, SNC-80 [(ϩ)-4-[(␣R)-␣-(2S,5R)-allyl-2,5-dimethyl-1-piperazinyl)-3-methoxy-benzyl]-N-N-diethylbenzamide], in the 6-hydroxydopamine (6-OHDA) hemilesioned rat and 1-methyl-4-phenyl 1,2,3,6 tetrahydropyridine (MPTP)-treated mouse models of PD.
Materials and Methods
The experimental protocols performed in the present study were approved by the Ethical Committee of the University of Ferrara and the Italian Ministry of University (licenses 94-2007-B and 194-2008-B) . Adequate measures were taken to minimize animal pain and discomfort and to limit the number of animals used.
Studies in rats (Experiments 1 and 4 -6)
Unilateral lesion with 6-OHDA. Unilateral lesions of substantia nigra (SN) compacta dopamine (DA) neurons were made by stereotaxic injection of 8 g of 6-OHDA into the right medial forebrain bundle of isoflurane-anesthetized male Sprague Dawley rats (150 g; Harlan), as described previously (Marti et al., , 2007 . Two weeks after surgery, rats showing more than seven ipsilateral turns per minute in response to a testing dose of amphetamine (5 mg/kg, i.p.) were enrolled in the study, because this behavior is associated with Ͼ95% loss of striatal DA terminals (Marti et al., 2007) and extracellular DA levels (Marti et al., 2002) . Experiments were performed 6 -8 weeks after surgery.
Behavioral studies. Thirty-two 6-OHDA hemilesioned rats were allotted in four groups receiving the following: (1) vehicle; (2) J-113397 (1- [(3R,4 R)-1-cyclooctylmethyl-3-hydroxymethyl-4-piperidyl] -3-ethyl-1,3-dihydro-2 H benzimidazol-2-one; 0.1 mg/kg); (3) SNC-80 (0.1 mg/kg); and (4) their combination. Three behavioral tests, complementary for different motor functions (the bar, drag, and rotarod tests) were performed before (control) and then 20 and 70 min after drug injection (Marti et al., , 2007 . The bar test (Kuschinsky and Hornykiewicz, 1972) measures the ability of the rat to respond to an imposed static posture. Rat forepaws were placed alternatively on blocks of increasing heights (3, 6, and 9 cm), and total time (in seconds) spent by each paw on the blocks was recorded (cutoff time, 20 s). The drag test (modification of the "wheelbarrow test"; Schallert et al., 1979) measures the ability of the rat to balance body posture using the forelimbs in response to backward dragging. Rats were lifted from the tail (allowing the forepaws to rest on the table) and dragged backward at a constant speed (ϳ20 cm/s) for a fixed distance (100 cm). The number of steps made by each forepaw was counted by two separate observers. The fixed-speed rotarod test (Rozas et al., 1997) measures overall motor performance as an integration of coordination, gait, balance, muscle tone, and motivation to run. Initially, rats were trained for 10 d to a complete motor task on the rotarod (i.e., from 5 to 55 rpm; 180 s each) until their motor performance became reproducible in three consecutive sessions. Rats were then tested at four increasing speeds (usually 10, 15, 20, and 25 rpm) , causing a progressive decrement of performance to ϳ40% of the maximal response (i.e., the experimental cutoff time; Marti et al., 2004) .
Microdialysis and analysis of endogenous Glu and GABA. Two concentric probes (1 mm dialyzing membrane, AN69; Hospal) were stereotaxically implanted, under isoflurane anesthesia, in the lesioned SN reticulata (SNr) and ipsilateral globus pallidus (GP) or ventromedial thalamus (VMTh; coordinates from bregma (in mm): SNr, AP Ϫ5.5, ML Ϫ2.2, DV Ϫ8.3; GP, AP Ϫ1.3, ML Ϫ3.3, DV Ϫ6.5; VMTh, AP Ϫ2.3, ML Ϫ1.4, DV Ϫ7.4; Paxinos and Watson, 1986) . Twenty-four hours after probe implantation, microdialysis probes were perfused (3.0 l/min) with a modified Ringer's solution, and samples were collected every 15 min (Marti et al., , 2007 . Experiments were run at 24, 48, and 72 h after implantation, and treatments were randomized. Glu and GABA were measured by HPLC coupled with fluorometric detection after precolumn derivatization with o-phthaldialdehyde/mercaptoethanol reagent (Marti et al., 2007) .
Electrophysiology. Whole-cell patch-clamp recordings of GABA neurons of SNr were performed on acutely extracted brain slices of Wistar rats (17-23 d old; Berretta et al., 2000) . Electrophysiological recordings of spontaneous and evoked GABAergic transmission were performed with glass borosilicate pipettes filled with a solution containing the following (in mM): 145 KCl, 0.05 CaCl 2 , 0.1 EGTA, 10 HEPES, 0.3 Na 3 -GTP, and 4 Mg-ATP 4, pH 7.35. To study evoked GABA transmission, the Na ϩ channel blocker QX-314 [2(triethylamino)-N-(2,6-dimethylphenyl) acetamine] was added (5 mM) to the internal solution. Neurons were held at Ϫ70 mV. Current signals were filtered at 3 kHz and digitized at 10 kHz using a Multiclamp 700A (Molecular Devices) operated by the pClamp10 software (Molecular Devices). GABA A -mediated (IPSCs were pharmacologically isolated using a mixture containing CNQX (10 M), MK-801 (10 M), and CGP55845 (2S)-3-[(1S)-1-(3,4-dichlorophenyl)ethyl]amino-2-hydroxypropyl)(phenylmethyl)phosphinic acid; 1 M] to block glutamatergic (AMPA, NMDA) and GABA B receptors, respectively. Spontaneous IPSCs (sIPSCs) were analyzed from 3 min trace recordings with Clampfit (Molecular Devices). Evoked IPSCs (eIPSCs) were elicited with a monopolar electrode placed in SNr by applying a single stimulus pulse (60 -100 s, 20 -100 A) delivered every 20 s. In some experiments, two stimuli at 50 ms were applied, and the paired-pulse ratio (PPR) between the IPSC2 and IPSC1 amplitudes was calculated.
Studies in mice (Experiments 2, 3, and 7)
Male C57BL/6J mice (20 -25 g; Harlan) were acutely injected with MPTP (4 ϫ 20 mg/kg, i.p., 90 min apart). Drug effect was evaluated at 7 d after intoxication, i.e., when degeneration of DA neurons and motor impairment attained stable levels (Viaro et al., 2010) . Twenty-seven mice were allotted into five treatment groups receiving the following: (1) saline (n ϭ 6); (2) 0.001 mg/kg J-113397 (n ϭ 5); (3) 0.01 mg/kg SNC-80 (n ϭ 5); (4) 0.1 mg/kg SNC-80 (n ϭ 5); or (5) J-113397 plus 0.01 mg/kg SNC-80 (n ϭ 6). Motor activity was assessed similar to rats (described above), with the only difference being the block heights in the bar test (1.5, 3, and 6 cm).
In a second set of experiments, the subacute drug effect was evaluated. Mice were treated with MPTP as above and allotted into 4 treatment groups: (1) saline; (2) 0.01 mg/kg SNC-80; (3) 0.001 mg/kg J-113397; and (4) 0.01 mg/kg SNC-80 plus 0.001 mg/kg J-113397. Drugs were coadministered twice daily (8:00 A.M. and 8:00 P.M.) for 7 d, starting from 60 min after the last MPTP injection. Motor tests were performed 2, 4, and 6 d after MPTP (6 h after the first daily drug treatment). At the end of treatments, tyrosine hydroxylase (TH) immunohistochemistry was performed on striatal slices. 11.8 Ϯ 0.2 1138 Ϯ 61 MPTP-treated mice (n ϭ 27) 11.6 Ϯ 2.1** 11.1 Ϯ 0.3** 589 Ϯ 25** Naive mice (n ϭ 8) 0.5 Ϯ 0.1 14.1 Ϯ 0.5 850 Ϯ 22 Naive NOP ϩ/ϩ mice (n ϭ 14) nt 13.9 Ϯ 0.6 nt Naive NOP Ϫ/Ϫ mice (n ϭ 12) nt 17.1 Ϯ 0.6** nt
The number of animals used to generate the data is indicated in parentheses. Data have been analysed using the Student's t test for unpaired data. *p Ͻ 0.01, different from the ipsilateral side; **p Ͻ 0.01, different from naive control animals. nt, Not tested.
a Taken from .
In a third series of experiments, male homozygous CD1/C57BL/6J/129 NOP ϩ/ϩ (n ϭ 14) and NOP Ϫ/Ϫ mice (n ϭ 12; 8 -10 weeks old; 20 -25 g; Ferrara vivarium; Nishi et al., 1997) were assigned to different doses of SNC-80 (0.01-3 mg/kg). Each mouse was administered two or three times (every 4 d), with different doses, in a randomized manner.
For TH immunohistochemistry, animals were deeply anesthetized (85 mg/kg ketamine plus 15 mg/kg xylazine, i.p.), transcardially perfused with PBS, and fixed with cold 4% paraformaldehyde (Viaro et al., 2010) . Brains were removed, postfixed overnight, and transferred to 20% sucrose. Five coronal sections (40 m thickness) were cut at different levels of the striatum and incubated with anti-TH mouse monoclonal antibody and biotinylated horse anti-mouse IgG secondary antibody. Immunoreactivity was visualized using avidin-biotin-peroxidase complex and 3,3-diaminobenzidine in H 2 O 2 . TH-immunoreactive fiber density was calculated using NIH ImageJ software (Wayne Rasband, National Institutes of Health, Bethesda, MD). Optical density was corrected for nonspecific background, measured in the corpus callosum.
Statistical analysis
Behavioral and neurochemical data were analyzed by one-way repeated-measures (RM) ANOVA, followed by the sequentially rejective Bonferroni's test. Drug effects on sIPSCs were evaluated as changes in their amplitude or interevent interval (IEI) using the Kolmogorov-Smirnov test on their mean cumulative distributions or by comparing mean median values with the Student's t test. Drug effect on eIPSCs was expressed as normalized mean of peak amplitudes and statistically compared using the Student's t test. p values Ͻ0.05 were considered to be statistically significant. 
Results
Experiment 1: effects of systemic administration of J-113397 and SNC-80 on motor behavior in 6-OHDA hemilesioned rats To prove whether endogenous N/OFQ could affect the antiparkinsonian response to a DOP agonist, the small-molecule NOP receptor antagonist J-113397 was systemically coadministered with the smallmolecule DOP agonist SNC-80 in 6-OHDA hemilesioned rats. The low 0.1 mg/kg dose of J-113397 was chosen because this dose caused mild reduction of immobility time, no change in stepping activity, and inconsistent effects on rotarod performance in previous studies (Marti et al., , 2007 . We reasoned that this overall "threshold" response, suggestive of a mild blockade of the NOP receptor in vivo, could set an ideal background for unraveling a synergistic interaction with a subthreshold dose of SNC-80 (0.1 mg/kg; Mabrouk et al., 2008). Hemilesioned rats showed motor asymmetry, with the contralateral Figure 1 . Coadministration of the NOP antagonist J-113397 and the DOP agonist SNC-80 attenuates parkinsonism in 6-OHDA hemilesioned rats. J-113397 and SNC-80 were administered intraperitoneally at low subthreshold (0.1 mg/kg both) doses, and motor activity was evaluated in the bar (A), drag (B), and rotarod (C) tests. In the bar and drag tests, motor activity was measured at the ipsilateral and contralateral paws. Each experiment consisted of three different sessions: a control session, followed by two other sessions performed 20 and 70 min after saline or drug administration. Data are expressed as percentages of motor performance in the control session and are means Ϯ SEMs of eight rats per group. Statistical analysis was performed by RM-ANOVA, followed the sequentially rejective Bonferroni's test. *p Ͻ 0.05, **p Ͻ 0.01, different from vehicle.
(parkinsonian) paw being more akinetic and bradykinetic than the ipsilateral paw, and an impairment of rotarod performance (Table 1) .
Low doses of either drug (0.1 mg/kg) were ineffective alone in each test but produced marked and prolonged (up to 70 min) reductions of immobility time (37%; Fig. 1A ), as well as increases of stepping activity at the contralateral paw (98%; Fig. 1B ) and rotarod performance (65%; Fig. 1C ) when administered in combination.
Experiment 2: effect of acute administration of J-113397 and SNC-80 on motor behavior in MPTP-treated mice
To confirm that the synergism between an NOP antagonist with a DOP agonist was not species and model dependent, J-113397 and SNC-80 were administered to MPTP-treated mice at 7 d after intoxication. MPTP-treated mice showed increased immobility time in the bar test (11.6 Ϯ 2.1 s), reduced stepping activity in the drag test (11.1 Ϯ 0.3 steps), and impaired rotarod performance (589.2 Ϯ 25 s) compared with saline-injected mice (0.5 Ϯ 0.1 s, 14.1 Ϯ 0.5 steps, and 850.8 Ϯ 22.0 s, respectively; p Ͻ 0.0001). SNC-80 was ineffective at 0.01 mg/kg but caused reduction of immobility time ( Fig. 2A) and an increase in stepping activity (Fig. 2B ) and rotarod performance (Fig. 2C) Experiment 3: effect of repeated administration of J-113397 and SNC-80 on motor activity and striatal DA terminal density in MPTP-treated mice We then tested whether repeated administration of the combination of subthreshold doses of J-113397 and SNC-80 could provide prolonged symptomatic relief and protect DA terminals from MPTP-induced degeneration. J-113397 (0.001 mg/kg) and SNC-80 (0.01 mg/kg) were ineffective alone but provided longlasting reduction of immobility time in combination (Fig. 3A) . In the drag test, J-113397 alone improved stepping activity, starting from day 4 of administration, whereas SNC-80 alone was ineffective (Fig. 3B) . The combination of the two caused a more rapid normalization of stepping beginning at the first challenge (Fig.  3B) . Finally, neither drug alone improved rotarod performance (Fig. 3C) , whereas the combination caused normalization of rotarod performance at the end of treatment (day 6).
Striatal TH immunohistochemistry did not reveal any sparing of striatal DA terminals after each drug alone or in combination (Fig. 3C ).
Experiment 4: effects of systemic administration of J-113397 and SNC-80 on pallidal and nigral neurotransmitter release
Dual-probe microdialysis was used to investigate the circuitry underlying the synergistic interaction between low doses (0.1 mg/ kg) of J-113397 and SNC-80. By monitoring GABA and Glu levels, we first evaluated whether drug synergism reverberated in GP or SNr transmission. J-113397 caused a robust (37%) reduction of GABA levels in GP, whereas SNC-80 was ineffective alone and did not change the effect of J-113397 (Fig. 4A) . Pallidal Glu levels were not affected by any treatment (data not shown). Different from GP, each compound individually was ineffective on amino acid levels in SNr, whereas the combination evoked a robust increase in GABA (107%) and a sustained decrease (30%) in Glu (Fig. 4 B, C) .
To investigate whether the synergistic interaction involved changes along the nigro-thalamic pathway (the nigral output), GABA levels in VMTh were monitored. Either drug given alone did not affect VMTh GABA levels, whereas their combination caused a sustained decrease (25%; Fig. 4D ). Combined administration of subthreshold doses of J-113397 and SNC-80 alleviated akinesia and modulated GABA and Glu levels in the basal ganglia and thalamus. Two microdialysis probes were implanted in the lesioned SNr and ipsilateral GP or VMTh of hemiparkinsonian rats and GABA and/or Glu levels monitored in GP (A), SNr (B, C), and VMTh (D) simultaneously with immobility time at the contralateral paw (bar test; E). J-113397 and SNC-80 were administered alone and in combination (0.1 mg/kg each, i.p.; arrow). Data are expressed as percentage means Ϯ SEMs of pretreatment (basal) values of seven determinations per group. Basal amino acid levels in the dialysate were as follows (in nM): GP (GABA, 2.9 Ϯ 0.3), SNr (GABA, 3.1 Ϯ 0.4; Glu, 72.5 Ϯ 7.5), and VMTh (GABA, 4.1 Ϯ 0.4). Statistical analysis was performed by one-way RM-ANOVA, followed by the sequentially rejective Bonferroni's test. *p Ͻ 0.05, **p Ͻ 0.01, different from vehicle.
The bar test performed simultaneously with sample collection confirmed that the combination of J-113397 and SNC-80 caused long-lasting relief from akinesia at the contralateral paw, whereas each drug given individually had no effect (Fig. 4E ).
Experiment 5: reverse dialysis of J-113397 and SNC-80 in SNr on nigral and thalamic neurotransmitter release
To investigate whether the interaction between NOP and DOP receptor ligands was taking place in SNr, compounds were administered by reverse dialysis. Local perfusion of J-113397 (100 nM) and SNC-80 (10 nM) in SNr had no effect on nigral GABA (Fig. 5A) and Glu (Fig. 5B) , whereas higher concentrations of both compounds (1 M and 100 nM, respectively) increased GABA (32 and 25%, respectively) and reduced Glu (35 and 43%, respectively). The combination of ineffective concentrations of J-113397 and SNC-80 evoked an increase in extracellular GABA and a reduction in Glu levels that was superimposable to that induced by the higher concentrations perfused alone (Fig. 5 A, B) .
To investigate whether the synergistic neurochemical responses could be associated with a synergistic inhibition of the nigral output, GABA release was monitored in ipsilateral VMTh (Fig. 5C ). Nigral perfusion of J-113397 (100 nM) and SNC-80 (10 nM) alone failed to affect thalamic GABA, whereas perfusion of the higher concentrations reduced it (38 and 26%, respectively). Combination of ineffective concentrations of both compounds resulted in a significant reduction of GABA that was similar to that produced by each of the higher concentrations alone.
Consistent with neurochemical data, low concentrations of J-113397 and SNC-80 were ineffective alone but attenuated akinesia when given in combination (Fig. 5D ).
Experiment 6: electrophysiological effects of SNC-80 and UFP-101 in slices of rat SNr
To prove that the cooperative interaction between NOP antagonist and DOP agonist was attributable to enhanced GABA release, causing overinhibition of nigral output neurons, we performed electrophysiological recordings of the GABAergic synaptic transmission targeting SNr GABA neurons. For these in vitro studies, we used a peptidic NOP receptor antagonist, UFP-101, that binds to the NOP receptor with greater affinity and selectivity over classical opioid receptors than J-113397 (Calo et al., 2005) . Bath application of UFP-101 (100 nM) or SNC-80 (10 nM) alone did not affect spontaneous GABA A -mediated synaptic transmission (Fig. 6) . However, when SNC-80 was applied after UFP-101, a significant increase of sIPSCs amplitude with a right shift of the cumulative distribution curve (Fig. 6 ) was observed. This was associated with a significant reduction of sIPSC IEIs, causing a leftward shift of the IEI cumulative distribution curve.
The effect on the evoked GABA A -mediated synaptic transmission was then studied. UFP-101 (100 nM) and SNC-80 (10 nM) potentiated the electrically evoked GABAergic synaptic transmission (47 and 87%, respectively). However, when SNC-80 was applied after UFP-101, an effect that was more than additive was recorded, with eIPSC peak amplitude increasing to 336% of con- trol. This effect was associated with a significant 27% reduction of PPR, indicating that the increase in eIPSPs was attributable to increased neurotransmitter release from GABA terminals.
Experiment 7: effect of SNC-80 in naive NOP
ϩ/ϩ and NOP Ϫ/Ϫ mice To corroborate the data supporting an NOP-DOP receptor interaction in nigral slices and also confirm that blockade of NOP receptors potentiates DOP responses in naive animals in vivo, SNC-80 was tested in mice carrying genetic deletion of the NOP receptor (NOP Ϫ/Ϫ ) compared with wild-type controls (NOP ϩ/ϩ ). As reported previously (Marti et al., 2004) , NOP Ϫ/Ϫ mice showed greater stepping activity than NOP ϩ/ϩ mice (Table 1) . SNC-80 dose dependently improved stepping activity in both NOP ϩ/ϩ and NOP Ϫ/Ϫ mice, being equally effective in both genotypes but more potent in NOP Ϫ/Ϫ mice. Indeed, in NOP ϩ/ϩ mice, SNC-80 was ineffective at 0.01 and 1 mg/kg, but caused a ϳ32% and ϳ40% increase in stepping at 1 and 3 mg/kg, respectively. Meanwhile, in NOP Ϫ/Ϫ mice, SNC-80 was effective in as little as 0.01 mg/kg and was maximally efficacious (ϳ39%) at 0.1 mg/kg, demonstrating a leftward shift of the effective dose in this genotype.
Discussion
DOP transmission has long been investigated as a target in PD. Indeed, the levels of enkephalins (the endogenous ligands of the DOP receptor) along the striato-pallidal pathway rise after striatal DA denervation (Goto et al., 1990; Betarbet and Greenamyre, 2004) , possibly to relieve pallidofugal neurons from excessive GABAergic inhibition, and rescue motor function (Maneuf et al., 1994) . Consistently, DOP receptor agonists provide symptomatic relief in parkinsonian rats (Matsumoto et al., 1988; Pinna and Di Chiara, 1998; Hill et al., 2000; Hudzik et al., 2000; Hille et al., 2001; Mabrouk et al., 2008 Mabrouk et al., , 2009 and nonhuman primates (Hille et al., 2001 ). However, different from endogenous transmitters, DOP agonists given systemically do not act on pallidal receptors but rather on SNr DOP receptors, likely because pallidal DOP receptors are saturated by endogenous enkephalins (Mabrouk et al., 2008 (Mabrouk et al., , 2009 ). However, the therapeutic antiparkinsonian potential of small-molecule DOP agonists is somewhat limited by adverse effects occurring at high doses, in particular convulsions.
The present finding that blockade of the NOP receptor synergistically potentiates the antiparkinsonian effect of SNC-80 offers a strategy to circumvent this issue. The synergism between J-113397 and SNC-80 reveals that endogenous N/OFQ via the NOP receptor functionally opposes the positive influence of DOP transmission on movement, a modulation that may even be enhanced under parkinsonian conditions when brain N/OFQ levels are pathologically elevated (Marti et al., , 2012 .
A negative interaction between endogenous N/OFQ and classical opioid systems has been observed in pain circuitry and attributed to the different localizations of NOP and classical (in particular MOP) receptors in rostroventral medulla "on" and "off" neurons (Heinricher et al., 1997; Pan et al., 2000) . The present study does not identify the precise localization of the interacting receptors, although it unequivocally demonstrates that the negative interaction between endogenous N/OFQ and DOP transmission occurs in SNr, in which both NOP and DOP receptor binding can be found (Neal et al., 1999; Cahill et al., 2001 ). In addition, it mechanistically indicates that this interaction ultimately controls nigro-thalamic GABA output neurons. Indeed, in vivo neurochemical and behavioral data reveal that NOP receptor blockade and DOP receptor stimulation in SNr attenuate akinesia, simultaneously elevate nigral GABA, and inhibit both nigral Glu and thalamic GABA. This is consistent with the view that enhancing inhibitory GABA and reducing excitatory Glu inputs onto tonically active nigro-thalamic neurons leads to overinhibition of nigral output, resulting in thalamic disinhibition and motor activation (Deniau and Chevalier, 1985) . These data are substantially confirmed by electrophysiology in nigral slices in which combined application of an NOP antagonist and a DOP agonist evoked postsynaptic IPSPs in GABA neurons through presynaptic mechanisms (i.e., increased GABA release).
The mechanisms underlying the interaction between endogenous N/OFQ and DOP receptors remain a matter for speculation. The increase of SNC-80 potency in stimulating stepping activity observed in NOP Ϫ/Ϫ mice suggests that NOP receptor blockade might increase the binding affinity of the DOP receptor. Indeed, compensatory, area-dependent changes in DOP receptor autoradiographic binding were observed in N/OFQ knock-out mice, such as a ϩ18% increase in SN (Clarke et al., 2003) . However, this finding was not replicated in NOP receptor knock-out mice (Clarke et al., 2001) or rats (Homberg et al., 2009 ), favoring the view that endogenous N/OFQ might rather functionally interact with DOP signaling at the cellular level or even at the circuitry level.
The synergism between J-113397 and SNC-80 suggests that inhibitory NOP and excitatory DOP receptors coexist on nigral afferent GABAergic terminals. Indeed, although DOP and NOP receptors are thought to transduce inhibitory signals into the cell because they couple to G i , DOP receptors can also activate excitatory pathways and increase [Ca i ], possibly through the ␤␥ subunit complex (Charles and Hales, 2004) . However, because we observed inhibition of GABA release at higher SNC-80 doses (3 mg/kg; Mabrouk et al., 2008) , it is likely that presynaptic DOP receptors on nigral GABA terminals are inhibitory, in line with that found in other brain areas (Ma et al., 2006) . Therefore, the facilitatory effect of low SNC-80 doses might be related to disinhibiton, i.e., to the activation of DOP receptors on neuronal elements (e.g., GABA interneurons), that in turn inhibit GABA release presynaptically. This hypothesis relies on the evidence of somatodendritic DOP receptor labeling in SNr (Cahill et al., 2001) . The synergistic increase of GABA release might thus be achieved via simultaneous blockade of a direct presynaptic inhibitory tone (NOP receptor) and inhibition of local inhibitory pathways (DOP receptor). Alternatively, because both J-113397 and SNC-80 share the same neurochemical pattern, we cannot exclude the possibility that the synergism is attributable to crosstalk between NOP and DOP receptors expressed on the membrane of a common substrate, perhaps GABA interneurons, inhibiting GABA terminals.
Whatever the molecular mechanism, the synergism seems to be effective across different PD models because it was also observed in MPTP-treated mice. Although this model is not routinely used to assess the symptomatic effects of antiparkinsonian drugs, we and others (for review, see Sedelis et al., 2001 ) identified a mild but reproducible parkinsonian phenotype that is associated with 60% loss of TH-positive terminals in striatum and is reversed by L-DOPA, dopaminomimetics, and also NOP receptor antagonists (Viaro et al., 2008 (Viaro et al., , 2010 . The symptomatic effect of DOP agonists has been observed in rats and nonhuman primates. Here, we provide the first evidence that DOP receptor stimulation also reverses motor deficits in MPTP-treated mice.
SNC-80 rapidly internalizes the DOP receptor and induces tolerance over repeated treatment, as also demonstrated by the dramatic reduction of the motor stimulating effect of a low dose of SNC-80 after a second injection 24 h later (Jutkiewicz et al., 2005) . Rapid (within 3 d) development of tolerance was also observed after repeated administration of J-113397 in reserpinized mice (Volta et al., 2010) and NiK-21273 [2-[3-[4- (2-Chloro-6-fluoro-phenyl)-piperidin-1-ylmethyl]-2-(morpholine-4-carbonyl)-indol-1-yl]-acetamide] in 6-OHDA hemilesioned rats (Marti et al., 2013) , although this phenomenon was not shared by anotherNOPreceptorantagonist,SB-612111[(Ϫ)-cis-1-methyl-7-[[4-(2,6-dichlorophenyl)piperidin-1-yl]methyl]-6,7,8,9-tetrahydro-5H-benzocyclohepten-5-ol], suggesting that this is not a class feature (Marti et al., 2013) . Therefore, although 6 d may not be a long enough timeframe for assessing tolerance development, the finding that repeated coadministration of subthreshold doses of J-113397 and SNC-80 in MPTP-treated mice maintained its symptomatic effects over time suggests that this strategy may prevent the induction of tolerance over long-term therapy. It is noteworthy that improvement of motor activity was not associated with a significant sparing of TH-positive striatal terminals, suggesting that the effect was symptomatic. Nonetheless, because DOP receptor stimulation provided some degree of neuroprotection in 6-OHDA rats (Borlongan et al., 2000) and NOP receptor blockade is expected to be neuroprotective (genetic removal of the N/OFQ gene partially protected mice from MPTP-induced DA cell loss; , it is possible that higher doses and/or more prolonged receptor occupation might be necessary to counteract MPTP-induced toxicity.
Concluding remarks
Endogenous N/OFQ functionally opposes DOP transmission in SNr, as pointed out by the synergism between the NOP receptor antagonist J-113397 and the DOP receptor agonist SNC-80 in attenuating parkinsonian-like motor deficits in 6-OHDA hemilesioned rats and MPTP-treated mice. Although the neuronal location of the interacting receptors or the underlying molecular mechanism remains to be identified, the interaction between NOP and DOP receptors appears to be a powerful mechanism to regulate (overinhibit) nigro-thalamic neurons and promote movement. The synergism was confirmed in nigral slices of naive animals and in mice lacking the NOP receptor, suggesting that the interaction also occurs in the presence of an intact DA system. This might extend the potential of the synergism to the modulation of motor function under physiological conditions. Interestingly, because NOP receptor antagonists and DOP receptor agonists share not only the antiparkinsonian but also anxiolytic and antidepressant effects, the present study indicates that blockade of the NOP receptor might also be explored as a general mechanism to enhance the therapeutic effects of DOP receptor agonists and reduce their side effects in motor and nonmotor (e.g., mood) disorders.
